Temperature data recorded in 2002 and 2003 at 10 stations out of the 70 available in the Romanian automatic weather stations network are presented and analyzed in terms of the heat transfer from air to underground. The air temperature at 2 m, the soil temperatures at 0, 5, 10, 20, 50 and 100 cm below the surface as well as rain fall and snow cover thickness have been monitored. The selected locations sample various climate environments in Romania. Preliminary analytical modelling shows that soil temperatures track air temperature variations at certain locations and, consequently, the heat transfer is by conduction, while at other stations processes such as soil freezing and/or solar radiation heating play an important part in the heat flux balance at the air/soil interface. However, the propagation of the annual thermal signal in the uppermost one meter of soil is mainly by conduction; the inferred thermal diffusivity for 8 stations with continuous time series at all depth levels ranges from 3 to 10×10 −7 m 2 s −1 .
Introduction
Reconstruction of past climate changes from geothermal data has proven, in the last decade, to be an additional source of information to complement meteorological and proxy records of climatic change (Harris and Chapman, 1998; Huang et al., 2000; Ş erban et al., 2001; Beltrami, 2002; Pollack and Smerdon, 2004; González-Rouco et al., 2006; Stevens et al., 2007) . The interest in this method lies in the fact that it examines a direct measure of temperature, free of problems caused by the conversion of proxy data to temperatures.
The controversy regarding the magnitude of climate variability during the last millennium revealed from borehole
Correspondence to: C. Demetrescu (crisan@geodin.ro) inversions and proxy data (Briffa and Osborn, 2002; Esper et al., 2002 Esper et al., , 2004 McIntyre and McKitrick, 2005; Hegerl et al., 2007) triggered investigations of the basic assumptions of the geothermal method, i.e. a purely conductive regime and a strong air-soil temperature coupling (González-Rouco et al., 2003 Mann and Schmidt, 2003; Chapman et al., 2004; Pollack and Smerdon, 2004; Pollack et al., 2005) .
The role of a variety of processes, such as snow cover variation, land cover changes and precipitation, influencing the relationship between air and ground temperatures and thus the ground surface energy transfer, has been widely investigated (Putnam and Chapman, 1996; Schmidt et al., 2001; Sokratov and Barry, 2002; Stieglitz et al., 2003; Bartlett et al., 2004; Smerdon et al., 2004 Smerdon et al., , 2006 Bartlett et al., 2005; Nitoiu and Beltrami, 2005; Trenberth and Shea, 2005) .
Although the Earth's response to the energy transfer at the surface is related to the surface air temperature (SAT), the ground surface temperature (GST) is an integral of the effects of air temperature variation, vegetation and snow cover variations, phase changes and solar radiation changes at the soil surface (Oke, 1987) . The process of heat transfer within soils is important for correct interpretation of the climatic signal extracted from geothermal data. There are a number of studies at mid-latitude, from where most of the borehole temperature logs come (e.g. Beltrami and Kellman, 2003; Smerdon et al., 2003 Smerdon et al., , 2006 .
Using a one-dimensional finite difference numerical model to generate the soil temperature variations in the upper first meter of the ground, Schmidt et al. (2001) and Beltrami (2001) showed that during winter, the process of heat conduction is disturbed by the presence of snow cover and by the freezing and melting of soil water. Mainly in open field areas, processes arising from precipitation, water movement or infiltration influence the subsurface heat transfer regime throughout all seasons. This leads to non-conductive heat transport that affects the soil temperature profiles (Trenberth and Shea, 2005). These processes make modelling of the near surface ground temperatures more difficult.
In the last few years, a new automatic weather station network in Romania has been established and is likely to produce a continuous and homogeneous data set for a territory characterized by lateral climatic variability (Ţîştea et al., 1979; Boroneanţ et al., 2004) . This dataset can be used to clarify some of the aspects of the heat transfer at the Earth's surface.
In the present paper we analyze the heat transfer in the uppermost meter of soil using air and soil data temperature recorded daily at 10 stations from Romania during a two year period (2003) (2004) .
We examine the character of the soil heat transfer regime at two temporal scales: firstly by looking at the fit between the soil temperatures simulated with a simple conduction model and the measured data at the inter-daily temporal scale, and secondly, at the annual variation scale, in terms of perfect sinusoidal functions of time describing the observed varia- tions. An effective thermal diffusivity of the upper meter of soil was obtained.
Data
The Romanian National Meteorological Administration network comprises 70 automatic weather stations evenly distributed over the country. Each station is equipped with MAWS 301 Vaisala measuring systems that are designed to measure the atmospheric pressure, air temperature, relative humidity, wind speed and direction, liquid precipitations, as well as global, net and diffuse radiation. At mountain weather stations an ultrasonic device is used to measure the snow depth; at low altitude stations, the soil temperature is measured using a QMT 107 system. The soil temperature sensor QMT 107 is constructed of a glass fiber tube filled with epoxy in which resistive platinum probes (Pt-100) are embedded at appropriate locations. The accuracy of the air and soil temperature records is better than ±0.2 K. All stations are located in open field and thus exposed directly to the sun. In this study, air (2 m) and soil temperature at six depth levels (0, 5, 10, 20, 50, 100 cm) recorded at 10 locations in the Romanian automatic weather station network (Fig. 1) calculated by averaging the temperature values measured at 1 a.m., 7 a.m., 1 p.m. and 7 p.m., local time.
It is generally accepted that GST is higher than SAT (Beltrami and Kellman, 2003) , and the Romanian stations make no exception as it can be seen from Table 1 . This was discussed by Demetrescu et al. (2006) in greater detail. However, problems related to the definition of the ground surface temperature in the measuring system, which we became aware of later and have not been clarified yet, prevent us using the corresponding data set in the present paper.
The analysis was performed for each of the ten stations, but in the following we show results only for Bistriţa because it has continuous records available. The daily average temperatures recorded at Bistriţa are illustrated in Fig ation of the high frequency temperature fluctuations and the attenuation of the annual variation as the signal is propagated into the ground, the phase shift with depth of the temperature wave, as well as the "heat-valve" effect (heat flows downwards in summer, while in winter it flows towards the Earth surface) and the zero curtain effect (negative temperatures cannot be found in the ground until the water in the soil completely freezes) (Beltrami, 2001; Kane et al., 2001) . Large periods of missing data can be noticed for Adamclisi, Reşiţa and Roman stations. Throughout the year, many non-conductive processes influence the heat transfer at shallow depths. During winter, phase changes occurring at the release or absorption of heat through freezing or melting respectively, lead to a decoupling between surface and deep soil temperatures. The zero-curtain effect is obvious in days when no or little (1-2 cm) snow cover is present on the ground. For the time interval 27 December-16 January, as SAT decreases below 0 • C and the surface layer is freezing, latent heat is released, heat that delays the downward penetration of the freezing front (Kane et al., 2001) . As long as the volume of water contained in the soil does not freeze, the temperature is kept constant near zero; the transition layer is called zero-curtain (Kane et al., 2001) . The layer of soil beneath this region is isolated from the cold temperature of the soil surface. Once the soil water is converted to ice, the freezing front propagates fast (thermal conductivity of ice is 2.25 Wm −1 K −1 while the thermal conductivity of water at room temperature is 0.60 Wm −1 K −1 (Carslaw and Jaeger, 1959) ) through conduction to deeper levels. Thus, as the air temperature decreases below the freezing level on 3 January 2004, because of the zero-curtain effect the freezing front penetrates at 5 cm only 2 days later, on 5 January 2004, and the soil temperature at 20 cm decreases below 0 • C only on 9 January 2004. The magnitude of the cold front propagating downward decreases both because of the zero-curtain and the low thermal diffusivity of the soil.
The air and deep soil temperatures relationship is also influenced, during the winter months, by the presence of snow cover (Grundstein et al., 2005) . At Bistriţa station (see Fig. 5 ), the ground was covered by a snow layer having a thickness of at least 5 cm for the time period spanning from Fig. 6 also shows (black line) the daily temperature differences between 5 and 10 cm. The negative difference for the SAT-5 cm layer clearly shows the isolation of the shallow soil from the surface temperature variations during the presence of the snow layer and the cooling of the ground during the zero-curtain period. The greatest negative temperature difference for the 5-10 cm layer is on 9 January 2004 and shows the net cooling of the ground after the closure of the zero-curtain period (Romanovsky and Osterkamp, 2000) .
Heat transfer regime in the subsurface
3.1 Inter-daily variation: analytical modelling using step functions
In a 1-D case and a purely conductive medium, variations of surface temperature propagate into the ground according to the equation: where κ is thermal diffusivity, and z is depth taken positive downwards.
If the variations of soil surface temperature are modelled as a series of N temperature changes, then the subsurface temperature signals from each step change are superimposed, and the temperature perturbation at depth z is (Carslaw and Jaeger, 1959 )
where erfc is the complementary error function. Modelling temperature variations with Eq. (2) and comparing them with the recorded temperatures can show deviations of the transfer of heat from a purely conductive regime. Taking as a forcing function the daily mean air temperature variation with respect to the first recorded temperature (26 January 2003), we generated the 5 cm soil temperature variation for thermal diffusivity ranging from 0.1×10 −6 m 2 s −1 to 0.5×10 −6 m 2 s −1 (see Fig. 7 ). Whatever thermal diffusivity value is used, the pure conduction model is not able to reproduce the actual temperatures recorded over an entire year interval. The lack of model sensitivity to the range of diffusivities is not surprising given the fact that the signal is diffusing through 5 cm of the subsurface and only very large differences in diffusivity would yield significantly different results. However, such a large range is not supported by observations on shallow soil diffusivity (e.g. Nitoiu, 2005; Yoshikawa et al., 2003) . The discrepancy is large in winter and summer, when processes such as freezing or evaporation of the water content imply latent heat contribution and evapotranspirative cooling, respectively. A snow cover effect is superimposed on latent heat effects (see previous section). The effective thermal diffusivity of the first meter of soil varies accordingly. At deeper levels processes mentioned above should diminish in importance. Taking as a forcing function the 50 cm soil temperature variation with respect to the measured value on 6 February 2003 (there are missing data in January between 5 cm and 50 cm depth due to recording system mal-function), we generated the soil temperature time series at 100 cm for 2003, using different values for thermal diffusivity. Figure 8 shows a comparison of the modelled temperatures with the measured ones. The best fit (rms error of ±0.77 K) is obtained for a thermal diffusivity of 0.4×10 −6 m 2 s −1 , a value close to ones in Table 2 , derived using sinusoidal functions (next section). Heat conduction is the dominant heat-transfer mechanism in the 50-100 cm depth range only in winter and spring. In summer and autumn, measured temperatures at 1 m are systematically lower than the predicted ones, probably because of evapotranspirative cooling and convection. Another factor which might intervene is the soil water content, which varies in the course of a year. A comparison with the recorded precipitation (Fig. 9) shows that the misfit increases after a significant increase in precipitation. Between 4 September and 15 October 2003, the best fit between the measured and modelled temperatures is obtained for a thermal diffusivity of 0.2×10 −6 m 2 s −1 (rms difference of ±0.50 K), while the rms difference is ±0.91 K when using a thermal diffusivity of 0.4×10 −6 m 2 s −1 . These show that, at the day to day scale, the effective thermal diffusivity of the first meter of soil is variable during the course of a year.
Annual variation: Analytical modelling using sinusoidal functions
We spectrally decomposed the air and soil temperature series using Fourier analysis. The dominant signal is the one year period variation, and as expected, the power of the annual signal decreases with depth.
To assess the character of heat transport at the annual timescale we use the method described by Hurley and Wiltshire (1993) and applied by Smerdon et al. (2003) to data from North America.
On a certain time scale, if the air and soil temperature series can be assumed as sinusoidal functions of time, the surface temperature varies according to
where T 0 is the mean temperature, T is the amplitude of the sinusoidal oscillation, ω is the angular frequency, and is the initial phase of the oscillation. The time-dependent soil temperature fluctuation at depth z is then described by Carslaw and Jaeger (1959) :
The amplitude of the soil temperature fluctuation at depth
The amplitude of the soil temperature variation decreases to 1/e of its surface value at the depth d e = 2κ ω . The phase difference between temperature variations at the surface and any depth z is given by φ(z)=z ω 2κ . The amplitude and phase of the annual signal were calculated fitting the signal with a cosine function:
where the parameters are the mean temperature, y 0 , the amplitude, a, the period of oscillation, b, and the phase, c. An example is illustrated in Fig. 10 can easily see the attenuation with depth of the high frequency oscillations that are present in SAT. At one meter depth the measured signal is almost perfectly described by a sinusoidal function (r 2 =0.984). To further investigate the conductive character of heat propagation into the soil, we plotted the natural logarithm of amplitude ln A= ln( T )−z ω 2κ and the phase shift as function of depth for Bistriţa (Fig. 11) . The linear decrease with depth of the natural logarithm of amplitude and the linear increase with depth of the phase shift indicate conductive dominated heat transport.
The slope of the linear regression of both ln A(z) and φ(z) gives an estimate of the thermal diffusivity, κ a and κ φ , respectively, for the uppermost one meter of soil. The results for 8 stations are presented in Table 2 . Because of miss- There is a good correlation between the values of diffusivity (r 2 =0.843) obtained with the two regression curves, but diffusivities computed from the ln A curve are generally larger. The difference to their mean value (κ) is less than ±10%, except for Adamclisi and Satu Mare stations (±13% and ±17%, respectively,). A 10% variation of κ a implies a rms difference in the annual temperature signal propagating into the uppermost one meter of soil of less than 0.2 K. This difference is negligible when compared to the amplitude of the annual temperature wave (around 12 • C at the surface and 7 • C at one meter depth). At Adamclisi, the marginally larger difference between κ A and κ φ can be explained by a weaker definition of the sinusoid for the depth of 1 m, because of missing data. We do not have, however, a satisfactory explanation for the Satu Mare case.
Conclusions
The Romanian weather network data show that:
1. The heat transfer down to one meter depth is influenced by non-conductive processes such as phase changes. The zero-curtain and the snow thermo-insulation effects are present in data, as shown by recorded temperatures to depths of 20 cm and derived thermal gradients; 2. At the daily time-scale, qualitative assessment by means of perpendicular superposition of temperature records at various depths shows the presence of non-conductive processes disturbing an ideal conductive environment down to 1 m depth, though more pronounced in the uppermost 50 cm of the subsurface. Simple conductive models cannot reproduce recorded soil temperatures during the freezing season or during the summer. Incorporating latent heat contribution to the heat transfer in the active layer is a necessary step; 3. At the seasonal time-scale, an effective variable thermal diffusivity for the first meter could be defined. The variation of the water content of soil was identified as a source of thermal diffusivity variations, even in case of the 50-100 cm depth range;
4. The annual signal in data represented by sinusoidal fit to measured values is controlled, in the first meter of soil, by heat conduction; the effective thermal diffusivities for 8 stations with continuous time series at all depth levels range from 3 to 10×10 −7 m 2 s −1 ;
5. Detailed studies on heat transfer through the upper meter of the ground at the 1 day time-scale would be possible upon changes in data acquisition protocol which, at present consists of four temperature records per day.
